Non-viral vectors have advantages in terms of their simplicity of use and ability to be produced on a large scale if necessary. Among various types of non-viral vectors, cationic liposome-mediated gene transfection is one of the most promising approaches due to the high transfection efficiency. [1] [2] [3] [4] Gene delivery to hepatocytes is of great therapeutic potential, since the cells are responsible for the synthesis of a wide variety of proteins that play important biological roles both inside and outside the liver. To achieve targeted gene delivery to hepatocytes, galactose has been shown to be a promising targeting ligand because these cells possess a large number of asialoglycoprotein receptors that recognize the galactose units on the synthetic galactosylated carriers.
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Recently, we have developed galactosylated cationic liposomes containing cholesten-5-yloxy-N-(4-((1-imino-2-Dthiogalactosylethyl)amino)butyl)formamide (Gal-C4-Chol) for hepatocyte-selective gene transfection via asialoglycoprotein receptor-mediated endocytosis after intraportal administration into mice. [8] [9] [10] In this approach, plasmid DNA is mixed with preformed galactosylated cationic liposomes to form galactosylated lipoplex, based on electrostatic interaction, which can then interact with hepatocytes and be taken up by them. Since Gal-C4-Chol possesses an imino group for binding to plasmid DNA via electrostatic interaction, many galactose units can be introduced on the liposomal surface without loss of binding affinity to plasmid DNA. These promising properties of our galactosylated lipoplex enable hepatocyte-selective gene transfer to be achieved under in vivo conditions. The overall ratio of the positive charge on a cationic lipid to the negative charge on a plasmid DNA seems to be a critical determinant of this phenomenon. It is generally accepted that the physicochemical characteristics of the galactosylated lipoplex prepared at different mixing ratios are so different that their cellular uptake, subsequent intracellular trafficking and resultant transfection efficiency would be significantly affected. However, there is little published information on the relationship between these physicochemical and biological factors in the lipoplex and/or galactosylated lipoplex.
Previously, we have investigated the effect of the pDNA-N- [1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTMA)/dioleoylphosphatidylethanolamine (DOPE) liposomes mixing (charge) ratio on the particle size, zeta potential and structure of the lipoplex, which directly affects cellular uptake, intracellular distribution of the complex, and the subsequent gene expression efficiency. And we have demonstrated that the mixing (charge) ratio of plasmid DNA complexed with DOTMA/DOPE liposomes significantly affects the intracellular trafficking, which is an important determinant of the optimal charge ratio in cationic liposome-mediated transfection.
11) The in vivo gene transfection efficacy by lipoplex was markedly affected by the type of neutral lipid. Previously, we have demonstrated that the transfection efficacy of cholesterol containing galactosylated cationic liposomes (DOTMA/cholesterol/Gal-C4-Chol) in hepatocytes was markedly higher than that of DOPE, which is a pH-sensitive lipid, 12) containing galactosylated cationic liposomes (DOPE/Gal-C4-Chol) after intraportal administration. 8) In order to achieve a more efficient gene carrier system, the limiting processes for gene expression needed to be investigated. However, the relationships involved in cholesterol-containing galactosylated cationic liposome-mediated gene transfer, cellular binding and uptake and intracellular trafficking are not yet fully understood.
In the present study, transfection efficiencies of galactosylated lipoplex were evaluated using cultured cells in relation to their physicochemical properties. Then, the cellular uptake, intracellular trafficking and cytotoxicity of galactosylated lipoplex were also examined in human hepatoma HepG2 cells, which are known to express asialoglycoprotein receptors. It is suggested that intracellular trafficking, rather than the degree of uptake and cytotoxicity, is the important process that determines the optimal charge ratio of galactosylated lipoplex in HepG2 cells. pCMV-Luc was selected as a model plasmid DNA for evaluating the gene expression by luciferase. DOTMA/cholesterol liposomes and DOTMA/ cholesterol/Gal-C4-Chol liposomes were selected as control cationic liposomes and galactosylated cationic liposomes, respectively. Construction and Preparation of Plasmid DNA (pCMV-Luc) pCMV-Luc was constructed by subcloning the HindIII/XbaI firefly luciferase cDNA fragment from pGL3-control vector (Promega Co., Madison, WI, U.S.A.) into the polylinker of pcDNA3 vector (Invitrogen, Carlsbad, CA, U.S.A.). Plasmid DNA was amplified in the Escherichia coli strain DH5a, isolated, and purified using a QIAGEN Endofree Plasmid Giga Kit (QIAGEN GmbH, Hilden, Germany). Purity was confirmed by 1% agarose gel electrophoresis followed by ethidium bromide staining and the plasmid DNA concentration was measured by UV absorption at 260 nm.
MATERIALS AND METHODS

Materials
Synthesis of Gal-C4-Chol Gal-C4-Chol was synthesized as reported previously. 13) Briefly, cholesteryl chloroformate and N-(4-aminobutyl)carbamic acid tert-butyl ester were reacted in chloroform for 24 h at room temperature. A solution of trifluoroacetic acid and chloroform was added dropwise and the mixture was stirred for 4 h at 4°C. The solvent was evaporated to obtain N-(4-aminobutyl)-(cholesten-5-yloxyl)formamide which was then combined with 2-imino-2-methoxyethyl-1-thiogalactoside and the mixture was stirred for 24 h at 37°C. After evaporation, the resultant material was suspended in water, dialyzed against distilled water for 48 h (12 kDa cut-off dialysis tubing), and then lyophilized.
Preparation of Galactosylated Cationic Liposomes Galactosylated cationic liposomes were prepared as reported previously. 8, 10) The mixtures of DOTMA, cholesterol, and Gal-C4-Chol were dissolved in chloroform at a molar ratio of 2 : 1 : 1 for galactosylated cationic liposomes, vacuum-desiccated, and resuspended in sterile 5% dextrose solution at a concentration of 1 mg total lipids per ml. The suspension was sonicated for 3 min and the resulting liposomes were extruded 5-times through 0.45 mm polycarbonate membrane filters. The concentration of liposomes was adjusted by measuring the cholesterol concentration using the cholesterol test-E Wako.
Preparation of Lipoplex and Galactosylated Lipoplex
The lipoplex and galactosylated lipoplex were prepared as reported previously. 8, 10) Briefly, pDNA in sterile 5% dextrose solution was mixed with an equal volume of (galactosylated) cationic liposomes and incubated for 30 min. The mixing ratio of liposomes and pDNA was expressed as a charge ratio, which is the molar ratio of cationic lipids to pDNA phosphate residues. 14) Evaluation of Physicochemical Properties The lipoplex and galactosylated lipoplex were dissolved at a plasmid DNA concentration of up to 1 mg/ml, and then their particle size and zeta-potential were measured by Zetasizer Nano ZS (Malvern Instruments Ltd., U.K.).
Uptake Experiment HepG2 cells were obtained from American Type Culture Collection (Manassas, VA, U.S.A.) and maintained in DMEM supplement with 10% FBS at 37°C under an atmosphere of 5% CO 2 in air. The cells were plated on a 6-well cluster dish at a density of 2ϫ10 5 cells/10.5 cm 2 and cultivated in 2 ml DMEM supplement with 10% FBS. Twenty-four hours later, the culture medium was replaced with an equivalent volume of HBSS containing 1 kBq/ml [ 32 P] plasmid DNA, 1 mg/ml cold plasmid DNA and cationic liposomes. After incubation for 3 h at 4 or 37°C for given time periods, the solution was immediately removed by aspiration, the cells were washed 5-times with icecold HBSS buffer and solubilized in 1 ml 0.3 N NaOH solution with 10% Triton X-100. The radioactivity was measured by liquid scintillation counting (LSC-500, Beckman, Tokyo, Japan). The radioactivity data were normalized with respect to the protein contents of the cells. The protein content was determined by a modification of the Lowry method using Protein Quantification Kit (Dojindo Molecular Technologies, Inc., Gaithersburg, MD, U.S.A.).
Transfection Experiment The HepG2 cells were plated on a 6-well cluster dish at a density of 2ϫ10 5 cells/10.5 cm 2 and cultivated in 2 ml DMEM supplemented with 10% FBS. After 24 h, the culture medium was replaced with Opti-MEM I ® containing 1 mg/ml plasmid DNA and cationic liposomes. Six hours later, the incubation medium was replaced again with DMEM supplement with 10% FBS and incubated for an additional 42 h. Then, the cells were scraped off and suspended in 200 ml pH 7.4 phosphate-buffered saline (PBS). One hundred microliters cell suspension was subjected to three cycles of freezing (liquid N 2 for 3 min) and thawing (37°C for 3 min), followed by centrifugation at 10000 g for 3 min. The supernatants were stored at Ϫ20°C until the luciferase assays were performed. Ten microliters supernatant was mixed with 100 ml luciferase assay buffer (Picagene, Toyo Ink, Tokyo, Japan) and the light produced was immediately measured using a luminometer (Lumat LB 9507, EG & G Berthold, Bad Wildbad, Germany 
RESULTS
Physicochemical Properties of Galactosylated Lipoplex
The particle size and the zeta potential of the both lipoplex and galactosylated lipoplex were examined at different charge ratios. The particle size and zeta potential of both lipoplexes depended on the charge ratio (Figs. 1, 2) . The particle size was about 200 nm at a charge ratio of 1.0 : 1.2 and the particle size increased in parallel with the ratio and then decreased at higher charge ratios. The zeta potential of both the lipoplex and galactosylated lipoplex also depended on the charge ratio (Fig. 2) . The zeta potential was Ϫ4 mV at a charge ratio of 1.0 : 1.2 and became positive at a charge ratio of 1.0 : 1.6 (aboutϩ40 mV). At a charge ratio of 1.0 : 7.5, both the lipoplex and galactosylated lipoplex exhibited a positive zeta potential (aboutϩ60 mV).
Uptake Characteristics of Galactosylated Lipoplex In order to investigate a possible correlation between the cellular uptake of lipoplex and subsequent gene expression, the cellular association of the lipoplex containing 32 P-labeled plasmid DNA was evaluated at 4 and 37°C at different charge ratios (Fig. 3) . Cellular uptake of galactosylated lipoplex was significantly higher than that of lipoplex at a charge ratio (Ϫ : ϩ) from 1.0 : 2.3 to 1.0 : 7.0. As the charge ratio increased in both lipoplexes, the apparent cellular association at both temperatures increased. At a charge ratio (Ϫ : ϩ) of 1.0 : 1.2, on the other hand, the apparent cellular uptake by galactosylated lipoplex was similar to that by lipoplex.
Transfection Characteristics of Galactosylated Lipoplex HepG2 cells were selected for transfection with the lipoplex or galactosylated lipoplex prepared at different charge ratios (Fig. 4) . Extremely large differences in the gene expression level were observed at different charge ratios. Transfection activity by galactosylated lipoplex was significantly higher than that by lipoplex at a charge ratio (Ϫ : ϩ) of 1.0 : 1.2 to 1.0 : 4.7. The optimal charge ratio (Ϫ : ϩ) for transfection efficacy in both lipoplexes was 1.0 : 2.3 and transfection was reduced at higher charge ratios. In contrast, transfection efficacy of both lipoplexes was almost identical when they were prepared at a charge ratio (Ϫ : ϩ) of 1.0 : 7.0.
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Vol. 29, No. 9 estimated the amount of internalized plasmid DNA by subtracting the amount of adsorbed plasmid DNA on the cell surface at 4°C from the amount of cell-associated plasmid DNA at 37°C, assuming that the amounts adsorbed at both temperatures were the same. The calculated amount of plasmid DNA taken up by the cells also increased as the charge ratio (Ϫ : ϩ) of both lipoplexes increased (Fig. 5A) . Then, luciferase activity was dividing by internalization amount. The transfection efficacy per internalization amount of galactosylated lipoplex and lipoplex was the highest at the charge ratio (Ϫ : ϩ) of 1.0 : 2.3 and 1.0 : 3.1, respectively (Fig. 5B) .
Cytotoxicity of Galactosylated Lipoplex
To assess the relationship between cytotoxicity and gene expression efficiency, the cytotoxic effects of both lipoplexes were examined by MTT assay. Although there was a slight reduction in the amounts of formazan crystals in the cells, both lipoplexes exhibited no significant toxicity at any charge ratio (Fig. 6 ). There were no significant differences in the protein level and cell viability between these charge ratios after a 48 h incubation (data not shown).
DISCUSSION
The purpose of the present study was to investigate the major factors affecting transfection efficiency with galactosylated lipoplex in HepG2 cells. The particle size and zeta potential of both lipoplexes depended on the charge ratio (Figs.  1, 2) . Since the particle size and zeta potential of both lipoplexes were almost identical at the same charge ratio, the effect of galactosylation of the lipoplex on cellular uptake, gene expression, and cytotoxicity could also be compared.
The uptake of galactosylated lipoplex was significantly higher than that of lipoplex, suggesting that the asialoglycoprotein receptor-mediated uptake was efficient by HepG2 cells. To investigate the gene expression characteristics of galactosylated lipoplex in HepG2 cells, the effect of the charge ratio (Ϫ : ϩ) on gene expression was measured. Gene expression by galactosylated lipoplex was significantly higher than that by lipoplex at a charge ratio (Ϫ : ϩ) of 1.0 : 1.2 to 1.0 : 4.7. These observations supported partially our previous report describing that galactosylated lipoplex was more efficiently taken up by HepG2 cells and/or hepatocytes via asialoglycoprotein receptors at a charge ratio (Ϫ : ϩ) of 1.0 : 2.3. 8, 15) In both lipoplexes, the highest gene expression was observed at a charge ratio (Ϫ : ϩ) of 1.0 : 2.3 and transfection efficacy was reduced at higher charge ratios. This observation agrees with the previous reports about conventional lipoplex in various types of cells, 16, 17) sterylglucoside-containing lipoplex in HepG2 cells, 18) and mannosylated lipoplex in macrophages by the uptake of mannose receptor. 19) As shown in Fig. 4 , the optimal charge ratio for gene ex- pression was 1.0 : 2.3. However, the cellular association of plasmid DNA at 4 and 37°C increased in parallel with the charge ratio of both lipoplexes (Fig. 3) . Both lipoplexes bind to the cell surface due to an electrostatic interaction between the positive charges of the cationic liposomes and the negative charges on the cell surface.
11) Therefore, it is likely that the increased zeta potential of the complex at higher charge ratios will result in enhanced DNA cellular association. Taking these factors into consideration, the intracellular trafficking, rather than the degree of uptake of galactosylated lipoplex, is the key process for gene expression.
The cellular association and gene expression of galactosylated lipoplex at a charge ratio of 1.0 : 1.2 were relatively lower than those of other charge ratios and of the lipoplex (Figs. 3, 4) . We previously reported that the galactose density of galactosylated liposomes is important for both effective recognition by asialoglycoprotein receptors and cell internalization in vivo. 20) Therefore, more galactose might be required on the surface of the lipoplex for efficient recognition by asialoglycoprotein receptors on HepG2 cells. At a charge ratio of 1.0 : 1.2, the transfection activity of galactosylated lipoplex was significantly higher than that of lipoplex although the cellular association was similar. Mammalian cells express several types of lectins involved in intracellular trafficking, including endocytosis, interorganelle routing and putative nuclear transport. 21) Recently, Klink et al. reported that lactosylated poly-L-lysine/plasmid DNA complex could localized in the nucleus by targeting a potential lectin-like protein with galactose/lactose specificity. 22) More recently, Wada et al. suggested a similar mechanism to explain the high transfection obtained using a galactosylated dendrimer/a-cyclodextrin conjugate. 23) These observations suggest that the transfection activity of galactosylated lipoplex is efficiently transported to the nucleus for efficient gene expression. Further studies are needed to clarify the mechanism governing the efficient nuclear localization by galactosylated lipoplex.
It has been suggested that the inhibition of transfection efficiency at higher charge ratios is most likely due to cytotoxicity in a series of in vitro transfection experiments. 1, 24) Although there was a slight reduction in the amounts of formazan crystals in the other cells, the lipoplex exhibited no significant toxicity at any charge ratio (Fig. 6) . Therefore, cytotoxicity does not play a major role in determining the optimal charge ratio in both forms of lipoplex-mediated transfection performed under our experimental conditions in HepG2 cells.
In conclusion, it is suggested that intracellular trafficking, rather than the degree of uptake and cytotoxicity, is the important process that determines the optimal charge ratio of galactosylated lipoplex in HepG2 cells. The information in this study will be valuable for the future use, design, and development of more efficient galactosylated lipoplexes for hepatocyte-selective gene transfer via asialoglycoprotein receptor-mediated endocytosis.
